A tandem dimer construct of an n-terminal hexahistidine tagged KcsA (KcsA TDL9), in pQE32 (Qiagen), with a 9-residue linker (ENLYFQGGT) region containing an rTEV protease site was used to determine distances between diagonal subunits as previously described 1, 2 . The KcsA TDL9 construct used for this study possessed a cysteine mutation at residue G116 in one of the two protomers and was used to transform XL10 Gold cells made freshly competent. Cells were grown overnight at 37° C on agar plates containing ampicillin. The next day, a colony was selected to create a starter culture in LB (Invitrogen) and ampicillin [100 mg·ml 
of DNAse A per liter of culture. The resuspended cells were homogenized with a French press, ultracentrifuged (30 minutes, 4°C, 158,000 RCF) to pellet membranes, supernatant discarded and then the pellet was solubilized with Buffer A supplemented with 10 mM n-dodecyl β-D maltopyranoside (DDM) (Affymetrix) at room temperature for 1 hr in the presence of β-mercaptoethanol (BME) (Sigma-Aldrich) [ 
rTEV digestion and SDS-PAGE analysis of products
Purified protein was then processed to cut the linker region between the two protomers using the cysteine protease Tobacco Etch Virus with the S219N mutation 4 TDL9 was incubated at a 1:5 molar ratio of rTEV to KcsA TDL9 overnight at room temperature.
An aliquot of each reaction, including controls, were analyzed with SDS-PAGE to assess efficiency of cleavage. Since KcsA is resistant to SDS 5, 6 , it is important to differentiate between resistant monomers of the protein and incompletely digested constructs. Figure 1 for all spectra in asolectin liposomes) or SEC with a Superdex 200 10/300 GL column for DEER studies. After collection, the sample was briefly incubated at 42° C for 10 minutes and a fraction was used to verify labeling efficiency on the spectrometer. G116C-MTS-SL rTEV digested sample or reconstituted into asolectin liposomes for CW analysis.
Reconstitution of KcsA TDL9 G116 into Asolectin liposomes for CW EPR
Asolectin (Avanti Polar Lipids) was prepared by removing chloroform using a Roto-vapor R114 rotary evaporator (Buchi) followed by further drying with an N2 stream for 10 minutes.
Lipids were then reconstituted with Buffer A at pH 7 at an equivalent volume to the sample being reconstituted followed by sonication for 10 minutes. Protein was then added to the reconstituted lipid at a 1:1000 molar ratio, incubated for 30 minutes at room-temperature with continual rotation and then diluted to a final volume of 14 mL with Buffer A. Detergent was removed from the sample gradually using three rounds of incubation with Biobeads (Bio-Rad) 1,2,9 .
In the first two rounds, samples were incubated with 70 mg of beads for 30 minutes with continual rotation at room temperature. In a third round, the sample was incubated overnight with 70 mg Biobeads. Sample was visually inspected for the presence of detergent (bubbles) before proceeding to ultracentrifugation (40,000 RPM) for 1 hour at 4° C to pellet the sample.
The final pellet was resuspended in a 150 μL volume of McIlvain Buffer at the desired pH 10 . The sample was then repelleted and resuspended in the same buffer one more time and the pH was verified with a micro pH electrode before proceeding to measurement.
CW-EPR Spectroscopy and Data Analysis
Spectra from fully labeled or under labeled samples in the germane pH were recorded at with finer pH titrations.
DEER Spectroscopy and Data Analysis
Quartz capillaries tubes (Vitrocom) were loaded with sample and introduced into a cryostat (Oxford) pre-equilibrated to 80K with Liquid N 2 on a Bruker Elexsys 580 EPR spectrometer with a 3 mm split-ring resonator. The cavity was tuned in continuous wave mode and over-coupled before proceeding to pulse mode. Instrument settings for a standard DEER pulse used include a 16 ns 90° pulse, a 32 ns 90° pulse with evolution times ranging from 1800-2200 ns. The time ranges were varied based on the quality of signal to noise and evolution of signal echo (i.e., distance). Pump pulses focused on the central frequency and observer pulses were placed in the low field approximately 65-70 MHz away by calculating the ELDOR frequency.
1024 points with a 1500 ns shot repetition time were used. An empirical number of scans were determined with continuous analysis of data until sufficient signal to noise were achieved as evidenced by both the initial decay of the dipolar evolution as well as the extent and quality of the echo itself. Data were analyzed using a model-free Tikhonov regularization using the DeerAnalysis2013 program to generate a distance distribution 12 . Supplementary Figure 3 presents data from pH3 for DEER spectroscopy. Briefly, the alpha parameter was selected which balances the effects of smoothing (ρ) (by calculating the mean square deviation of the experimental and observed form factor F) and the roughness of the fit (η) which assesses the second derivative of the population distribution 13 . This is graphically represented as an "L-curve" (Supplementary Figure 3) with the point of inflection, or maximum curvature being selected as the alpha-value (alpha-value of 10 was selected for all three data points). The alpha-values used for all three solutions were 100. Error was measured as the width of the population at half-maximal intensity for CW data. DEER data was evaluated for the contribution of background to the signal using the validation suite in DeerAnalysis2013. Origin Pro 7.0 was used to calculate the pKa of activation by using the built-in fitting function for a Boltzmann distribution.
Expression and Purification of rTEV
The rTEV expression vector pRK793, in conjunction with tRNA accessory plasmid pRIL, were used with BL21 (DE3) (Agilent) competent cells to overproduce protein 14 . Briefly, glycerol stocks of BL21 (DE3) harboring both plasmids were streaked on selective agar plates, allowed to grow overnight, and then colonies used to create starter and overnight cultures. columns. Protein was aliquoted and stored at -80° C.
Nuclear Magnetic Resonance

Cloning and Site Directed Mutagenesis
KcsA was subcloned from pQE32 (Qiagen) into pET28A (Merck Millipore) using PCR amplification with the restriction sites NheI and NdeI :
5' GAGTCATGCTAGCTCACCGGCGGTTGTCGTCG 3' for NheI 5' TCCGCGGCAGCCATATGCCACCCATGC 3' for NdeI
The PCR product was ligated into pET28A using the Quick T4 DNA Ligase (New England Biolabs). QuickChange ™ Subcloning was verified by the DNA Sequencing and Genotyping
Facility at The University of Chicago. 
Expression and labeling
NMR Experiments and data analysis
NMR spectra were completed on a deuterated -uniform 15 N labeled KcsA WT (Δ125) using
Tranverse Relaxation-Optimized Spectroscopy (TROSY) 17 . Measurements were made on a Bruker
Avance III HD 600 MHz spectrometer equipped with an inverse triple resonance room temperature probe with z-gradient operating at a proton frequency of 600.13 MHz. Spectra were recorded at 323K using a spectral width of 9615.385 Hz for proton and 1935.734 Hz nitrogen with 2048 complex points for proton and 256 complex points for nitrogen and a total of 64 scans. A recovery delay of 1s was used. The optimized 90° pulse lengths for both proton and 15 N were used
and had values typically around 9.75 μs to 10.07 μs and 35-37 μs respectively.
T1-TROSY and T2-TROSY measurements were made of the backbone of peak G116 during pH gating using the same deuterated -uniform 15 N labeled KcsA WT (Δ125) protein 18 . These techniques were selected based on the size of our protein and its deuterated state 18 . The T1 times measured were pH7 (466ms +/-183ms), pH4 (606 ms +/-347 ms) and pH3
(902 ms +/-125ms) (see Figure 2C and supplementary Figure 4 ). The residue G116 (located near the inner gate) possesses a faster T2 time at pH7 than pH3 (20 ms +/-9ms (green) vs. 82ms +/-2ms (red) respectively. The product of T1*T2 suggests that the exchange we are seeing is not due to fast internal motions but rather slow ones since they differ between our two conditions: pH7 In all simulation systems, mutations created during the crystallization studies were all restored to the WT sequence, except for the closed KcsA system (1K4C), in which the L90C mutation was preserved. The N-termini at S22 of all four monomers were capped with acetamide groups in all systems, whereas all the C-termini of H124 were modeled as standard charged carboxylate groups. E71 was modeled in its protonated form in all the systems. To simulate the pH condition resulting in the inner gate opening, residues H25, E118 and E120 in the three open KcsA systems (3F5W, 3F7V and 3F7Y) were protonated in the simulations, and in their deprotonated (default) form in the closed KcsA simulation. The resulting four tetrameric KcsA structural models were all placed in POPE bilayers of 100 × 100 Å 2 dimension. The membraneembedded channels were then solvated in water boxes of 100 Å thickness, and ionized with 200 mM KCl while preserving the K + ions present in the crystal structures.
Simulation Protocols
MD simulations were conducted using NAMD 2.9 26 with CHARMM27 force field for protein 27 , CHARMM36 force field for lipids 28 , and the TIP3P model for water 29 . All simulations were carried out as NPT ensembles unless otherwise stated. The temperature was maintained using Langevin dynamics with a damping coefficient of γ = 0.5 ps -1 , and the pressure was maintained using the Nosé-Hoover Langevin piston method 30 . Particle mash Ewald method 31 was used to calculate long-range electrostatic interactions beyond the 12 Å cutoff distance under periodic boundary conditions. Simulations were integrated in 2 fs steps, except for the initial equilibration period during which 1 fs steps were used.
The equilibration of the four systems included two phases: i) a 0.5 ns simulation in NVT ensemble to "melt" the lipid bilayer, during which only the acyl chains of the lipid molecules were allowed to move while all other atoms fixed; ii) a 5 ns simulation where the backbone atoms present in the original crystal structures (1K4C: all residues, 3F5W and 3F7V: T33-G116, 3F7Y: G30-A109) were harmonically restrained with a force constant of k = 5 kcal/mol·Å 2 . The production runs were carried out for 100 ns and coordinates were recorded every 5 ps. The program VMD 32 was used for data analysis and generation of molecular images. H TROSY spectra of KcsA Δ125. pH titration of uniformly 15 N labeled, deuterated KcsA Δ125. The Δ125 construct was used to ease spectral congestion, making spectra easier to interpret.
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